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21 cm intensity mapping has emerged as a promising technique to map the large-scale structure of
the Universe, at redshifts z from 1 to 10. Unfortunately, many of the key cross-correlations with the
cosmic microwave background and photo-z galaxies have been thought to be impossible due to the
foreground contamination for radial modes with small wave numbers. In this paper, we apply tidal
reconstruction to the simulated 21 cm fields and recover the lost large-scale radial modes successfully.
We estimate the detectability of the cross-correlation signals and find they can be detected at high
significance with current 21 cm experiments. The tidal field reconstruction method opens up a new
set of possibilities to probe the Universe and is extremely valuable not only for 21 cm surveys but
also for cosmic microwave background and photometric-redshift observations.
I. INTRODUCTION
The current and future cosmic surveys aim to map a
large fraction of the Universe with unprecedented preci-
sion by observing the large-scale structure (e.g., SDSS
[1], DES [2], PFS [3], DESI [4], LSST [5], Euclid [6]) and
the cosmic microwave background (CMB) (e.g., Planck
[7], SPT-3G [8], Advanced ACTPol [9], CMB-S4 [10]).
Precision measurement of cosmological parameters from
the autocorrelations of large-scale structure and CMB
observations and the cross-correlations between different
observations can improve constraints on the properties
of dark energy, modifications to general relativity, neu-
trino masses, and primordial non-Gaussianities substan-
tially. In addition to these observation methods, 21 cm
intensity mapping has emerged as a powerful method to
map the large-scale structure of the Universe [11–13]. In-
stead of resolving millions of individual galaxies, the 21
cm intensity mapping technique measures the large-scale
structure by detecting the aggregate 21 cm emission of
neutral hydrogen from many galaxies in large voxels. The
redshifted 21 cm emission line which provides the red-
shift information can be resolved exquisitely in the fre-
quency domain. Therefore, this allows radio telescopes
to conduct rapid and efficient surveys of large volumes
of the Universe. The ongoing and upcoming 21 cm sur-
veys including CHIME [14], HIRAX [15], Tianlai [16],
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BINGO [17], FAST [18], MeerKAT [19], and SKA [20]
can improve the baryon acoustic oscillations (BAO) mea-
surements by observing a larger cosmic volume at higher
redshifts compared to current galaxy surveys.
The primary challenge for 21 cm intensity mapping ex-
periments is the presence of the astrophysical foregrounds
from galactic and extra-galactic synchrotron emissions,
which are three orders of magnitude brighter than the
cosmological 21 cm signals. The synchrotron foregrounds
are known to be spectrally smooth in the frequency do-
main where the redshifted 21 cm signals from different
redshifts fluctuate at different frequencies. In principle,
the foregrounds only impact the long wavelength density
fluctuations along the line of sight, i.e., the modes with
small k‖ in Fourier space [21, 22]. However, the instru-
mental effects (e.g. spectral response, calibration, etc)
further lead to an unsmooth foreground component, of-
ten referred as the foreground wedge at the low k‖ and
high k⊥ area in Fourier space [23–27]. The synchrotron
foregrounds can be cleaned by exploiting their smooth
spectral structure [28–31]. As demonstrated in Ref. [31],
the foregrounds can be cleaned well below the foreground
wedge with the precise calibration of the instrument,
leaving only k‖ < 0.02 hMpc
−1 modes unaccessible.
However, while there are not many Fourier modes at
k‖ < 0.02 hMpc
−1, many other cosmological observa-
tions such as weak lensing, photometric-redshift galaxies,
and integrated Sachs-Wolf (ISW) effect can only probe
these modes, i.e., the angular density fluctuations. These
observations involve a broad window function along the
line of sight and measure the projected modes, i.e., the
2modes with small k‖, which are all contaminated by the
foreground emissions in 21 cm intensity mapping ob-
servations. Therefore, the proposed cross-correlation of
21 cm intensity mapping with weak gravitational lens-
ing [32–34], photo-z galaxies [32, 35–39], and ISW effect
[38] would be severely degraded in the presence of fore-
grounds. Recovering the lost large-scale radial modes
for cross-correlations is thus crucial in order to fully ex-
ploit the 21 cm intensity mapping experiments. The
cross-correlation measurements will benefit other obser-
vations as well, since the cross-correlations are expected
to be more robust to the systematics than autocorrela-
tions from individual experiments. It also enables the use
of sample variance cancellation technique [40] to measure
cosmological parameters [35–37].
Recently a new method called cosmic tidal reconstruc-
tion has been developed [41, 42]. The small-scale density
fluctuations are significantly affected by the large-scale
density field as a consequence of gravitational mode cou-
pling. The large-scale tidal shear field causes anisotropic
distortions of the locally measured small-scale matter
power spectrum. Such local anisotropic tidal distortions
can be exploited to reconstruct the large-scale tidal shear
and hence density fields. The reconstruction of gravi-
tational tidal fields from local small-scale matter power
spectrum is described by the same formulation as the re-
construction of gravitational lensing induced shear. As
shown in Ref. [42], the density modes with small k‖ and
large k⊥ are well reconstructed, with cross-correlation co-
efficient close to 1 for reconstruction with the full dark
matter density field. These reconstructed density modes
are exactly those lost in the foreground subtraction of 21
cm experiments. The tidal reconstruction technique en-
ables the reconstruction of lost 21 cm radial modes, which
provides important radial information essential for cross-
correlating with the CMB and photometric observations.
In this paper, we apply cosmic tidal reconstruction to
the simulated 21 cm field with low k‖ foreground modes
subtracted. The small k‖ radial modes are recovered
successfully after tidal reconstruction. Then we cross-
correlate the reconstructed 21 cm field with the simulated
CMB lensing, photo-z galaxy and ISW effect fields and
estimate the detectability of the cross-correlation signals
with the current 21 cm experiments. The tidal field re-
construction method provides us a new way to study the
large-scale matter distribution in the Universe through
cross-correlations and has profound implications for the
current and future 21 cm experiments.
The paper is organized as follows. In Sec. II, we intro-
duce the cosmic tidal reconstruction. In Sec. III, we ap-
ply tidal field reconstruction to the simulated foreground
subtracted 21 cm density field and shows the reconstruc-
tion results. Section IV shows the cross-correlation sig-
nal recovered after reconstruction and estimates the de-
tectability with current 21 cm experiments. We discuss
further improvements and future applications in Sec. V.
II. COSMIC TIDAL RECONSTRUCTION
The large-scale density field can be reconstructed accu-
rately from the anisotropic tidal distortions of the locally
measured matter power spectrum [41, 42]. The basic idea
of purely transverse tidal reconstruction has been pro-
posed in Ref. [41] and further expanded in Ref. [42].
In this section, we briefly discuss the physical idea and
outline the operational procedure of the tidal field recon-
struction. More details of this reconstruction method are
presented in Ref. [42].
A. Cosmic tides
The evolution of small-scale density perturbations is
modulated by long wavelength perturbations during non-
linear structure formation. The gravitational coupling of
a long wavelength tidal field with small-scale density fluc-
tuations has been studied extensively [43]. The leading-
order observable of a long wavelength density perturba-
tion on small-scale density perturbations is described by
the large-scale tidal field,
tij = ΦL,ij − δijΦL,kk/3, (1)
where ΦL is the long wavelength gravitational potential
sourced by the long wavelength density perturbation δL.
Here ΦL,ij denotes partial derivatives of ΦL to x
i and
xj . Note that we have projected out the trace of ΦL,ij ,
which corresponds to the local mean density. Since the
change of shape is more robust than the change of number
density, we shall focus on the gravitational tidal shear,
i.e., the traceless tidal field. The locally observed matter
power spectrum in the presence of the large-scale tidal
field tij can be calculated using Lagrangian perturbation
theory and is given by
P (k, τ)|tij = P (k, τ) + kˆ
ikˆjt
(0)
ij P (k, τ)f(k, τ), (2)
where τ is the conformal time, P (k, τ) is the isotropic
linear power spectrum, kˆ is the unit vector, the super-
script (0) denotes the initial time defined in perturbation
calculation. The coupling of the large-scale tidal field to
small-scale density fluctuations is described by the tidal
coupling coefficient
f(k, τ) = 2α(τ) − β(τ)
d ln P (k, τ)
d ln k
, (3)
where α(τ) and β(τ) are integrals involving background
cosmological parameters and can be computed numeri-
cally [42, 43]. The above result only includes the leading
order effect of the coupling between the large-scale tidal
field and small-scale density fluctuations. In reality the
density field is quite nonlinear and involves all higher or-
der interactions. The reconstructed density field would
be biased when the theoretical description of the nonlin-
ear coupling in the above equation is not accurate. This
3problem can be addressed using the transfer function cal-
ibrated from simulations [42].
The traceless tidal tensor tij can be decomposed into
five independently observable components (γ1, γ2, γx, γy,
γz) [42]. We notice that the two transverse shear terms,
γ1 = (ΦL,11 − ΦL,22)/2, γ2 = ΦL,12, (4)
which describe quadrupolar distortions in the tangential
plane perpendicular to the line of sight, are less affected
by peculiar velocities. Thus, in the following computa-
tion we shall use them to perform reconstruction. Once
we have the tidal shear terms γ1 and γ2, the reconstructed
density field can be obtained by
δr(k) =
Ak2
(k21 + k
2
2)
2
[
(k21 − k
2
2)γ1(k) + 2k1k2γ2(k)
]
, (5)
where A is the normalization coefficient. Since we only
use two transverse tidal shear fields γ1 and γ2 for recon-
struction, the change of the large-scale density field along
the line of sight is inferred from the variations of γ1 and
γ2 along the z axis. The noise for the reconstructed den-
sity field is anisotropic in Fourier space. The tidal recon-
struction technique works best for modes in the high k⊥
and low k‖ region, which cannot be obtained from 21 cm
surveys directly but contribute substantially to observ-
ables from other cosmological observations as discussed
above. Cosmic tidal reconstruction provides a new pos-
sible way to recover the lost radial modes and to improve
the cross-correlation signals.
B. Reconstruction algorithm
In this subsection, we describe the tidal reconstruction
method used in the next section.
1. Reducing nonlinearities
The first step is to smooth the nonlinear density field
with a Gaussian kernel,
δR(k) =WR(k)δ(k), (6)
where
WR(k) = exp(−k
2R2/2), (7)
which filters out small-scale structures. The perturbative
description of tidal coupling in Eq. (2) is not valid in the
strong non-Gaussian regions. We need to smooth small-
scale nonlinear structures to reduce nonlinearities. Here,
we take R = 1.25 Mpc/h, which is close to the optimal
filter scale as demonstrated in Refs. [41, 42].
The second step is to Gaussianize the smoothed den-
sity field by taking a logarithmic transform or mapping
the density fluctuations into a Gaussian distribution ac-
cording to their density values. We shall use the latter
method since the tidal shear estimator we use is derived
under the Gaussian assumption. Otherwise we can only
use the limited number of density modes on large scales
where the Gaussian assumption is valid, but the recon-
struction will be degraded significantly.
2. Estimating tidal shear fields
The coupling of the large-scale tidal field and small-
scale density fluctuations leads to a local anisotropy of
quadratic statistics. The tidal shear fields can be recon-
structed by applying quadratic estimators to the Gaus-
sianized density field δg as
γˆ1(x) =
[
δw1g (x)δ
w1
g (x) + δ
w2
g (x)δ
w2
g (x)
]
/2,
γˆ2(x) =
[
δw1g (x)δ
w2
g (x)
]
, (8)
where
δw1g (k) = ikˆ1w(k)δg(k), δ
w2
g (k) = ikˆ2w(k)δg(k), (9)
and the filter is
w(k) =
√
P (k)f(k)
Ptot(k)
, (10)
Here, Ptot(k) is the total power spectrum of the 21 cm
density field which includes both the signal and noise.
We find that the reconstruction performance is not sen-
sitive to the exact shape of the filter. The reconstruction
of tidal shear fields is similar to the reconstruction of
lensing shear fields from 21 cm temperature fields. The
quadratic estimators presented above can be constructed
using either the maximum likelihood method or the in-
verse variance weighting [44–46].
3. Generating the density field
After we get the tidal shear fields γ1 and γ2, the tidal
reconstructed density field is given by Eq. (5). In general,
the reconstructed field δr(k) can be written as
δr(k) = C(k)δ(k) +N(k), (11)
where C(k) = Pδrδ(k)/Pδ(k), δ(k) is the original matter
density field and N(k) includes the noises from 21 cm
observation and from reconstruction. The factor C(k),
often referred as the propagator, quantifies how much
information of the original density distribution is recon-
structed. To get an unbiased measurement of the origi-
nal density field, we can deconvolve the propagator C(k)
from the reconstructed field,
δˆr = δr(k)/C(k) = δ(k) +N(k)/C(k). (12)
This factor can be computed by performing reconstruc-
tion with the simulated observation mock data [47–49].
As we deconvolve the propagator, the reconstructed den-
sity field is unbiased. The cross-correlation coefficient
quantifies the reconstruction noise.
4III. IMPLEMENTATION AND RESULTS
To test the performance of reconstruction, we run an
ensemble of six N -body simulations with the CUBEP3M
code [50]. Each simulation involves 10243 dark matter
particles in a cubic box of side length 1200 Mpc/h. We
use the snapshot at redshift z = 1 and generate the dark
matter density field on a 10243 grid. We could approx-
imately use the dark matter density to represent the 21
cm source distribution, i.e., the neutral hydrogen. This is
a good approximation since the neutral hydrogen traces
the total mass distribution fairly well at low redshifts (see
Refs. [51, 52] for more discussions about the modeling of
neutral hydrogen in the Universe). However, the realis-
tic neutral hydrogen density field should also include the
fluctuation of neutral hydrogen fraction in the Universe,
the redshift space distortion effect due to the peculiar
velocity, etc. We plan to study these in future.
There are several noises for 21 cm experiments we need
to consider to model the observed 21 cm signal from in-
tensity mapping observations, including the astrophysical
foreground, the receiver noise, and the shortest baseline
for inteferometers.
A detailed 21 cm foreground subtraction simulation is
beyond the scope of this paper. Instead we simply use a
high-pass filter along the line of sight,
Wfs(k‖) = 1− e
−k2‖R
2
fs
/2, (13)
which removes the small k‖ density modes, to simulate
the loss of modes due to foreground contamination. We
use the two different foreground scales Rfs = 60 Mpc/h
and 15 Mpc/h in reconstruction, which give Wfs = 0.5
at k‖ = 0.02 hMpc
−1 and 0.08 hMpc−1, respectively.
The former is an optimal case, i.e., we only lose modes
with k‖ . 0.02 hMpc
−1 [31], while the latter is already
achieved in the current 21 cm observations [53, 54].
For 21 cm observations around redshift z = 1, the res-
olution of small-scale structures is mainly determined by
the thermal noise. The thermal noise power PN is about
150−600 (Mpc/h)3 for a HIRAX-like interferometer, de-
pending on the neutral hydrogen fraction and bias [52].
We assume the experimental noise to be zero above a cut
off scale and infinity below this scale. We choose it to
be kN = 0.6 hMpc
−1, which is about the scale where the
thermal noise power dominates over the matter power
spectrum. The effect of the experimental noise can be
modeled by applying a step function
Θ(kN − k) =
{
1, k ≤ kN
0, k > kN
,
to the dark matter density field from the simulation.
Most current 21 cm intensity mapping experiments are
carried on interferometers. The largest angular scale that
can be probed is decided by the shortest baseline of the
interferometer. We also use a step function
Θ(ℓ− ℓs) =
{
1, ℓ ≥ ℓs
0, ℓ < ℓs
,
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FIG. 1. Top: The cross-correlation coefficient of the simulated
21 cm intensity mapping field δIM(k) with the original full
dark matter density field δ(k). Bottom: The cross-correlation
coefficient of the reconstructed density field δˆr(k) with the
original full dark matter density field δ(k). These results are
for the foreground scale Rfs = 60 Mpc/h, where modes with
k‖ . 0.02 hMpc
−1 are subtracted.
to model this effect, where the largest scale can be probed
is ℓs = 115 or k⊥ = 0.05 h/Mpc at redshift z = 1. This
corresponds to a shortest baseline of ∼ 7 m.
In summary, the simulated 21 cm field from intensity
mapping is given by
δIM(k) = δ(k)Wfs(k‖)Θ(kN − k)Θ(ℓ− ℓs), (14)
where δ(k) is the full density field from the simulation.
Note that ℓ is the angular wave number, defined as
ℓ + 1/2 = k⊥χ(z). We apply tidal reconstruction to the
simulated 21 cm field and get the reconstructed density
field defined in Eq. (12) using the algorithm described
above.
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FIG. 2. Same as Fig. 1, but for the foreground scale
Rfs = 15 Mpc/h, where modes with k‖ . 0.08 hMpc
−1 are
subtracted.
Figure 1 shows the two-dimensional cross-correlation
coefficient of the 21 cm intensity mapping field with
the full dark matter density field. We also plot the
cross-correlation coefficient of the reconstructed density
field with the full dark matter density field. These re-
sults are for the foreground scale Rfs = 60 Mpc/h, i.e.,
k‖ = 0.02 hMpc
−1. The lost large-scale radial modes are
successfully recovered by tidal reconstruction. Figure 2
shows the corresponding results for the foreground scale
Rfs = 15 Mpc/h, i.e., k‖ = 0.08 hMpc
−1. We note that
the loss of more large-scale radial modes does not degrade
the performance of reconstruction significantly. This is
because the tidal reconstruction method uses small-scale
structure to reconstruct the large-scale density field and
the reconstruction performance mainly depends on the
number of small-scale modes.
To clearly see how well the k‖ ∼ 0 modes relevant for
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FIG. 3. The cross-correlation coefficients of the projected full
dark matter density field with the projected reconstructed
density fields for the foreground scales k‖ = 0.02 hMpc
−1
and 0.08 hMpc−1. The angular scale ℓ is related to the three-
dimensional wave number k through ℓ + 1/2 = kχ(z = 1),
where χ(z = 1) = 2301 Mpc/h is the comoving distance to
redshift z = 1. The cross-correlation coefficient is larger than
0.7 and 0.65 at scale ℓ . 100 for the small k‖ and large k‖
foreground scales, respectively. The error bars are estimated
using the bootstrap resampling method.
cross-correlations are reconstructed, we compute the pro-
jected density field by averaging the three-dimensional
density field along the line of sight, i.e., the z axis of the
simulation box. Figure 3 shows the cross-correlation co-
efficients of the projected full dark matter density field
with the projected reconstructed density fields for the
foreground scales k‖ = 0.02 hMpc
−1 and 0.08 hMpc−1.
The angular scale ℓ is related to the three-dimensional
wave number k through ℓ + 1/2 = kχ(z = 1), where
χ(z = 1) = 2301 Mpc/h is the comoving distance to red-
shift z = 1 [55]. The cross-correlation coefficient is larger
than 0.7 at scale ℓ . 100 for the small k‖ foreground
and larger than 0.65 at scale ℓ . 100 for the large k‖
foreground. Therefore, the successful reconstruction of
k‖ ∼ 0 modes makes the cross correlation of 21 cm in-
tensity mapping surveys with the CMB and photometric
galaxy surveys possible.
IV. CROSS-CORRELATION SIGNALS
To estimate the detectability of the cross-correlation
signals, we generate the CMB lensing convergence
field, the angular galaxy distribution from photometric-
redshift surveys, and the temperature fluctuation due to
the ISW effect from the same simulation used for tidal
reconstruction. They are line of sight projections of the
dark matter density field,
δi(θ) =
∫
dχWi(χ)δ(χθ, χ), (15)
6where Wi(χ) is the window function. The angular cross-
correlation power spectrum is then given by
Cijℓ =
∫
dχ
Wi(χ)Wj(χ)
χ2
Pδ
(
k =
ℓ+ 1/2
χ
, χ
)
. (16)
When i = j, this formula gives the power spectrum for
δi(θ). The error for the cross-correlation signal is
σ(Cijℓ ) =
[
1
(2ℓ+ 1)fsky∆ℓ
((Cijℓ )
2 + CˆiℓCˆ
j
ℓ )
]1/2
, (17)
where Cˆ includes the signal and the corresponding noise.
We set ℓmin = 12 and choose fsky to be 0.25 for CMB
lensing and photo-z galaxies, and 1 for ISW effect. Notice
that we use the projection of the reconstructed 21 cm
field for cross correlation.
A. CMB lensing
The lensing convergence field from CMB lensing re-
construction is a weighted projection of the dark matter
density fluctuations along the line of sight to the last
scattering surface,
κ(θ) =
∫ χs
0
dχWκ(χ)δ(χθ, χ), (18)
where the lensing kernel
Wκ(χ) =
3Ωm0H
2
0χ(χs − χ)
2a(χ)χs
, (19)
and χs = χ(zs = 1090). Because the CMB lensing kernel
is very broad in redshift, we take its value at redshift
z = 1 in the line of sight projection. The noise for CMB
lensing measurement is assumed to be the same as the
Planck 2015 results [56].
Figure 4 shows the theoretical and measured cross
power spectra. We also plot the error bars of the cross
power spectrum for the k‖ = 0.02 hMpc
−1 foreground.
Since the error bars for the k‖ = 0.08 hMpc
−1 foreground
are just slightly larger, we only plot the error bars for the
small k‖ foreground. The total signal-to-noise ratio is 9.4
and 8.0 for the small and large k‖ foregrounds.
B. Photo-z galaxies
We calculate the projected galaxy density field at z ∼ 1
with usual photo-z bin width of 0.2, i.e., zp ∈ (0.9, 1.1).
We adopt the galaxy distribution characterized by
n(z) ∝ zαexp
[
− (z/z∗)β
]
, (20)
with α = 2, z∗ = 0.5, β = 1 and assume the photometric-
redshift scatter P(zp|z) is perfectly known to be in a
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FIG. 4. The cross-correlation signal of 21 cm intensity map-
ping and CMB lensing. The solid line shows the theoretical
cross power spectrum and the data points are measured from
the simulations. The error bars are for the foreground scale
Rfs = 60 h/Mpc, i.e., k‖ = 0.02 hMpc
−1.
Gaussian form with photo-z rms error σz = 0.05(1 + z).
The angular galaxy distribution is given by
δg(θ) =
∫ ∞
0
dzWp(z)b(z)δ(χ(z)θ, χ(z)) , (21)
where the window function
Wp(z) ∝ n(z)
∫ 1.1
0.9
P(zp|z)dzp (22)
with normalization
∫
Wp(z)dz = 1. We assume a linear
galaxy bias b(z) = 1 + 0.84z. For photo-z galaxies from
LSST-like surveys, the shot noise is negligible on degree
scales.
Figure 5 shows the theoretical and measured cross
power spectra. We also plot the error bars for the fore-
ground scale k‖ = 0.02 hMpc
−1. The total signal-to-
noise ratio is 24.3 and 14.4 for the small and large k‖ fore-
grounds, respectively. The significant cross-correlation
between reconstructed 21 cm field and photo-z galaxies
makes it possible to calibrate the redshift distribution
of galaxies from imaging surveys using 21 cm intensity
mapping surveys [39].
C. ISW effect
The fractional CMB temperature fluctuations induced
by the ISW effect is given as
(
∆T
T
)
ISW
(θ) = −2
∫ χs
0
dχ
∂Φ(χθ, χ)
∂χ
. (23)
In Fourier space, approximating that the evolution of
δ(k, t) with time is given by linear theory δ˙(k, t) =
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FIG. 5. The cross-correlation signal of 21 cm intensity map-
ping and photo-z galaxies. The solid curve shows the theoret-
ical cross power spectrum and the data points are measured
from the simulations. The error bars are for the foreground
scale Rfs = 60 h/Mpc, i.e., k‖ = 0.02 hMpc
−1.
D˙(t)δ(k, t = 0), we have
∂Φ(k, χ)
∂χ
= −
3Ωm0H
2
0
2a(χ)
∂ln(D/a)
∂χ
δ(k, χ)
k2
, (24)
where D is the linear growth function. In our implemen-
tation, we approximate the time dependent factor as a
constant across the simulation box. For the ISW effect,
the noise is just the large-scale CMB power CTTℓ .
Figure 6 shows the theoretical and measured cross
power spectra. We plot the error bars for the small k‖
foreground. The total signal-to-noise ratio is 3.1 and 3.0
for the small and large k‖ foregrounds. The redshift in-
formation from 21 cm intensity mapping allows us to con-
strain the expansion history of the Universe as a function
of redshift. The detectability of ISW effect can be further
improved by including CMB polarization data [57].
V. DISCUSSION
The detection significance presented here is for a 21
cm intensity mapping survey of redshifts 0.8–1.4, cover-
ing the quarter sky (full sky for ISW effect). We use
line of sight projections of the dark matter density field
at redshift z = 1 to approximate the observed cosmic
fields. In reality, we need to consider the redshift evolu-
tion of density fluctuations because of the relative wide
redshift range. The Limber approximation used to com-
pute cross power spectrum is not accurate on very large
scales. Since angular power spectrum is larger when com-
puted using exact integration than with the Limber ap-
proximation [58, 59], the detection significance should
not be degraded by this approximation. On extremely
large scales, the relativistic effects should also be included
when predicting the angular power spectrum [60, 61]. As
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FIG. 6. The cross-correlation signal of 21 cm intensity map-
ping and ISW effect. The solid curve shows the theoretical
signal and the data points are measured from the simulations.
The error bars are for the foreground scale Rfs = 60 h/Mpc,
i.e., k‖ = 0.02 hMpc
−1.
there are not many modes measurable on extremely large
scales, the realtivistic effects should not affect the results
much. However, to be conservative, we still use only the
ℓ > 12 angular modes to estimate the detection signifi-
cance.
The tidal shear estimators adopted here are optimal
only for the Gaussian field and in the long wavelength
limit [42, 44, 46]. The results can be improved by con-
structing optimal estimators for non-Gaussian fields as
have done in 21 cm lensing [45]. The correlation coeffi-
cient drops quickly towards small scales. This is because
there is not enough small-scale modes in 21 cm intensity
mapping surveys and the estimators are not optimal in
the equilateral configuration. The long wavelength opti-
mal estimators relies on the number of small-scale modes;
the performance would be better with more small-scale
structures. The tidal reconstruction can still be improved
by developing new algorithms to deal with the nonlinear
coupling beyond the squeezed configuration.
The BAO reconstruction technique has been shown to
be still useful in 21 cm surveys [62–64]. While there
are not many modes with small k‖ lost due to the fore-
ground, the differential motions which smear the BAO
peak are substantially contributed by large-scale modes
with k . 0.1 hMpc−1. Performing nonlinear reconstruc-
tion also needs these modes to estimate the large-scale
linear displacement [47, 65, 66]. Cosmic tidal reconstruc-
tion compensates the foreground wedge at small k‖ and
large k⊥ and hence can improve the BAO measurements
from 21 cm surveys [62, 63]. These recovered foreground
modes can also improve the efficiency of the void finder
with interferometric 21 cm experiments [52]. In addition
to the cross-correlations explored here, the tidal recon-
struction method also works for the kinematic Sunyaev-
Zel’dovich effect which we leave for future work.
8All cosmological 21 cm experiments share the same
foreground problem, no matter low redshift BAO exper-
iment or high redshift epoch of reionization observation.
Therefore, the tidal reconstruction method is also impor-
tant for high redshift experiment such as measuring the
cross-correlation of 21 cm with the kinematic Sunyaev-
Zel’dovich effect from the epoch of reionization [67].
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